Abstract -Chiral and bianisotropic metamaterials, where coupling of magnetic and electric phenomena plays an important role, offer advanced possibilities for the control and manipulation of electromagnetic waves. Such a control is particularly useful in the THz and far-IR region where natural materials do not show strong response and thus they are not offered as components for a direct realization of electromagnetic wave manipulation. Among the most useful and important capabilities of chiral and bianisotropic metamaterials is the advanced control of the wave polarization that they offer, including giant polarization rotation, conversion, filtering, absorption, etc. In this paper we review our recent work demonstrating some of those capabilities, in a variety of structures, both planar and 3D-bulk ones. The structures presented show, among others, large optical activity, tunable/switchable wave ellipticity, and polarizationdependent asymmetric transmission.
Introduction
Metamaterials are tailored man-made composite structured materials with novel and unique electromagnetic properties, different from those of their constituent components. These properties mainly result from the geometry of their building units -often called meta-atoms. By properly designing these units one can achieve unique electromagnetic (EM) properties, beyond those of natural materials, such as negative magnetic permeability, negative refractive index [1] [2] [3] , refractive index close to zero [4, 5] , hyperbolic dispersion relation [6] , etc.; such properties empower metamaterials with unique possibilities for the control of electromagnetic waves [3] , enabling new solutions in a variety of potential applications, from telecommunications and information processing, to imaging, security, sensing, etc. [7] .
A particularly interesting category of metamaterials is that of chiral metamaterials (i.e. metamaterials without any mirror symmetry plane) where electric (magnetic) field creates not only electric (magnetic) but also magnetic (electric) polarization [8] . Chiral metamaterials offer great possibilities in the control of light polarization, [9] [10] [11] [12] [13] [14] [15] [16] e.g. optical activity (i.e. polarization rotation of a linearly polarized wave) and circular dichroism (i.e. different absorption between left-and righthanded circularly polarized waves) which can exceed the corresponding effects in natural chiral materials by orders of magnitude [10, 17, 18] . Furthermore, huge chirality in chiral metamaterials was also recently proposed to reduce the attractive Casimir force which is detrimental in micro-and nanoelectromechanical systems [19] [20] [21] . Another interesting capability of chiral metamaterials is that they can provide negative refractive index for circularly polarized light [22, 23] . This chirality approach for the achievement of negative index is an alternative to the more common approach which requires combination of negative permeability and negative permittivity.
The majority of today's practically realized metamaterials operate in the microwave part of the electromagnetic spectrum, while there is a great interest and effort to extend their operation regime to higher frequencies, from THz to the optical regime [15, 24, 25] . The extension of metamaterial operation in the THz and far-infrared (IR) regime and the realization of metamaterial-based THz components is a task of undeniable technological importance. This is due to the fact that natural materials do not show strong response to the THz radiation; thus they are not offered for the realization of THz manipulation components, although the technological importance of the THz radiation, especially in domains like imaging, security and sensing is well recognized.
Thus, chiral metamaterials operating in the THz and far-IR regime can provide a valuable tool for the polarization manipulation of THz and far-IR waves. However, not-many attempts to realize and demonstrate THz chiral metamaterials have been made up to now [15, [26] [27] [28] . Most of the existing chiral metamaterial structures concern microwave metamaterials, while there are also few studies on optical chiral structures. Those studies have provided a variety of chiral designs that are quite easy to fabricate and show giant optical activity and circular dichroism, as well as negative index of refraction. The majority of the proposed designs are based on the bi-layer configuration, introduced in reference [29] , i.e. they are composed of two layers of metallic structures that are not electrically connected; their chiral response comes from their electromagnetic coupling. Such designs enable easy fabrication and size-scaling as to tune the chiral response. Here we follow this approach, of the bi-layer conductor configuration, and demonstrate both theoretically and experimentally various chiral metamaterial structures fabricated on flexible substrates using UV-lithography [24, 30] ; the structures operate in THz and show giant optical activity and negative index of refraction for both leftand right-handed circularly polarized waves. Moreover, the proposed designs can be employed to give optically tunable/ switchable chiral structures [12, 13] . The optical tunability is achieved by inserting in the structures a photoconducting semiconductor. Actually, there are two main ways/approaches followed so far in order to demonstrate optically switchable chiral metamaterials: Employing a photoconductive substrate [24, 31] (a), and replacing properly-selected metal parts of the structure by a photoconducting semiconductor (b). The second approach, which is followed here, has the advantage that it does not affect the whole spectrum of the metamaterial response but it can control only specific metamaterial resonances [31] [32] [33] . Following this approach, we numerically demonstrate here large tunable optical activity and switchable ellipticity response in our planar THz chiral structures by properly inserting into the structures photoconducting silicon.
All the above mentioned studies concern planar chiral structures, having the great advantage that they can be easily fabricated in a layer-by-layer fashion. Such structures though, despite the ease of their fabrication, lack the possibilities offered by fully three-dimensional (3D) volumetric structures, which allow much larger variety of structure designs, more subwavelength scale metamaterial resonators, larger flexibility in the coupling between adjacent resonators (not only electromagnetic coupling but coupling via electric-current connections) and larger structure-incident field coupling possibilities (e.g. both magnetic and electric coupling). Such 3D volumetric structures have become in the recent years possible thanks to quite recently established advanced micro-and nanofabrication approaches, like 3D printing and direct-laser-writing [34] [35] [36] . By combining the 3D fabrication possibilities and magnetoelectric coupling (as in chiral structures) with anisotropy, one can achieve even more rich behavior than the one achieved in bi-layer chiral structures. One such possibility which is demonstrated in the present work is asymmetric transmission of linearly polarized waves due to asymmetric coupling of magnetic dipole resonances [34] . This is demonstrated in a 3D volumetric structure based on two perpendicular split-cube resonators (SCRs) [34] . The structure was fabricated by direct laser writing (DLW) [37, 38] and selective silver coating [35, 36] , a technique able to provide fully 3D structures with deep-subwavelength resolution, and it operates in middle infra-red (15-40 THz), a frequency region of significant technological interest, where the requirement for EM wave control components is still high, despite substantial recent developments.
2 Planar bi-layer chiral metamaterials
The designs
The planar bi-layered chiral structures discussed here are shown in Figure 1 , while their geometrical features are presented in Table 1 [24] . The first design (Figure 1a) is an assembly of double-layered metallic U-shaped resonators (U-SRRs), where each U-SRR of the upper layer is rotated by 90°in respect to its counterpart of the lower layer. The in-plane unit-cell contains four U-SRRs mutually rotated as to ensure four-fold rotational symmetry of the system. This pair of mutually rotated U-SRRs was first discussed in reference [39] and proposed for the construction of uniaxial chiral structures in Figure 1 . Schematic of the unit cell of the planar chiral metamaterials under consideration [24] : (a) two relatively rotated layers of four U-SRRs, (b) and (c) two layers of Z-type crosses with u = 90°and u = 60°, respectively; the back-layer is the mirror image of the front layer; (d) two relatively rotated layers of cross-wires and (e) design based on two relatively rotated squares. The metal (yellow-color) thickness t m and the dimensions a x , a y , L, w, a, d, u and s, for each design are presented in Table 1 . In Figure 1d grey color corresponds to photoconductive silicon. The wave propagation is along the z direction.
reference [40] ; it was subsequently studied experimentally in GHz [41] , THz [42] , and infrared or optical frequency range [43, 44] . It was found that a pure optical activity (i.e. polarization rotation with no ellipticity) as high as 807°per wavelength and 417°per wavelength can occur in the GHz and optical regime, respectively, associated with sufficiently high (more than 40%) transmission. The next two designs are based on the conjugated gammadion structure [45] . They consist of a pair of crosses with Z-type arms, as shown in Figures 1b and  1c . The unit cell of the fourth chiral design of Figure 1 is composed of a pair of silver crosses (cross-wires design) rotated against each other by an angle of u = 30°(in Figure 1d we show the design as has been modified to give switchable chiral response -see end of the present subsection). A similar design was first studied in GHz range [46] , where it showed a pure optical activity as high as 448°per wavelength (at 7 GHz) and negative index of refraction, and subsequently in the optical regime [47] , showing optical activity 62°per wavelength (at 220 THz) but no negative index. The last chiral design of Figure 1 (see Figure 1e) consists of a pair of silver squares (square-pairs design) rotated against each other by an angle u = 25°. It can be considered as arising from the cross-wires design by increasing the wire width to be equal with the wire length.
In all the designs of Figure 1 the conjugated arrangement of the metallic resonators is such as to lead to no center of inversion and no mirror-symmetry plane for the structure, which, in combination with the C4 rotational symmetry of all the designs [45, 48] , ensures pure, bi-isotropic chiral response, i.e. that the eigenmodes in all cases are the pure circularly polarized waves.
To physically understand this bi-isotropic chiral response of the designs of Figure 1 one can consider the structures as inherited from the cut-wire-pair structure (see Figure 2a) . As is well known in metamaterials community, a pair of cut-wires, as the one shown in Figure 2a , is characterized by a resonant magnetic mode associated with antiparallel currents in the two wires of the pair, and resulting to opposite charges at the facing ends of back and front wire (see Figure 2a ). To achieve a bi-isotropic chiral response one needs to displace these opposite charges of the two wires in such a way as to create an electric dipole parallel to the magnetic dipole created by the antiparallel currents. One way to achieve such a displacement is to mutually rotate the wires (see Figure 2b Adding another metallic pair to the designs of Figures 2b and 2c, 90°rotated in respect to the first one, one ensures isotropic response in the E-H plane, which is a necessary condition for the eigen-waves to be the circularly polarized waves.
Coming back to the designs of Figure 1 , as was mentioned in Section 1 these designs can be employed as to give switchable chiral response. In order to demonstrate here the switchable chirality response, we employed the design shown in Figure 1d ; there, in the front cross, parts of the metal have been replaced by photoconducting Si (gray color in Figure 1d ), while the back cross remains fully metallic. Proper illumination of the structure by, e.g., a UV laser, changes the Si conductivity, altering the current in the structure and through it its chiral properties.
Structure fabrication
The fabrication of our chiral structures has been done using UV-lithography, in an alternating layer-by-layer fashion of polyimide and silver. We used a standard spin-on polyimide (DuPont Pyralin SP series PI-2525) with a dielectric constant of 2.9. The sequence of layers starts by spinning and curing a 5 lm thick layer of polyimide on a Si substrate. A silver film (with a thickness t m of 0.5 or 1.0 lm, depending on the design) is deposited on top and patterned by use of standard lift-off techniques. Another layer of polyimide (spacer layer) is spun on over the metallic layer and cured. The thickness of this polyimide layer is 1 lm. Another metal layer is deposited and patterned, while the sequencing of layers continues with another 5 lm thick polyimide layer. The layer-to-layer alignment was done with a Karl Suss MA6 mask aligner and UV photolithography. The alignment accuracy is of the order of 0.5 lm. After the fabrication, the polyimide-encapsulated metallic chiral structures were removed from the Si substrate. The resultant samples are polymer based and flexible, with an area of 15 mm · 15 mm and thickness between 11.8 lm and 13 lm (depending on the design). Further information on the fabrication technique can be found in reference [24] .
Experimental and numerical electromagnetic characterization approach
The experimental EM characterization of the planar chiral samples (see Figure 1) was performed in the frequency regime 2-12 THz, which is below the polyimide absorption bands (~12 THz and~20 THz). The experimental characterization was done through transmission measurements, which were performed using a Bruker IFS 66v/S Fourier-transform infrared spectrometer (with a collimated beam) and two linear polyethylene grid polarizers [24] .
The results of the measurements were compared in all cases with corresponding simulations. For the simulations we used a commercial three-dimensional full-wave solver (CST Microwave Studio, Computer Simulation Technology GmbH, Darmstadt, Germany) based on the Finite Element Method. We considered in the simulations a single unit cell, as shown in Figure 1 , with periodic boundary conditions along x and y directions, while an incident plane wave propagating along z-direction was used to excite the structure. For modeling the metallic parts of the structure (silver; yellow color in Figure 1 ) we considered a lossy-metal model with a conductivity of r Ag = 5.71 · 10 6 S/m, in agreement with previous conductivity measurements [36] . For the photoactive silicon areas (marked in grey in Figure 1 and with geometrical features mentioned in Table 1 ) which replace parts of the metal of the front metal-layer, we applied a simple conductivity model, considering e Si = 11.9, and conductivity, r Si , varying from 2.5 · 10 À4 S/m (corresponding to no illumination, i.e. insulating Si) to 1 · 10 5 S/m [32] , which is the maximum recorded conductivity achieved experimentally by means of optical pumping, using a 30-fs laser system at 800 nm central wavelength [13, 31, 33, 49, 50] .
Chiral structures response
In this section, the chiral behavior of the structures shown in Figure 1 will be discussed. Figure 3 shows the transmission results for those structures, obtained by both simulations and experiments, for linearly polarized incident waves. In general one needs to measure or calculate four transmission components, T xx , T xy , T yx and T yy , where the first and second subscript indicate the output and input signal polarizations, respectively; e.g.
y is the input y-polarized electric field and E t x is the transmitted x-polarized electric field [14, 15] . Due to the four-fold rotational symmetry of our structures T xx = T yy and T xy = ÀT yx [16] , so only two transmission amplitudes, e.g. T xx and T xy , are needed to be considered and those are presented in Figure 3 .
In the results of Figure 3 , besides the very good quantitative agreement between simulations and experiments, one can observe a slight broadening of the resonance dips in the experimental cases (compared to the theory) due to the nonuniformity in the fabrication of the samples.
As can be observed in Figures 3a and 3f , the U-SRR structure shows two distinct resonances. This is in agreement with the discussion of reference [41] , where the resonances and the associated current modes are described in detail.
Observing the response of the structures of Figures 3b, 3g , 3c and 3h, one can see a more complicated spectrum with more resonances in T xx and larger cross-polarized transmission levels, indicating larger optical activity, as already discussed in reference [24] .
The structure of Figures 3d and 3i , as was mentioned also in Section 2.1, has been studied both in GHz and the optical regime. There, it showed two distinct low-frequency resonances which were classified as ''magnetic'' (the lower oneassociated with antiparallel currents in the equivalent branches of the pair) and ''electric'' (the higher frequency one -associated with parallel currents in the equivalent branches of the pair). The absence of these two distinct resonances in our case is due to the fact that these resonances in our particular geometry lie very close to each other, being thus merged in a single Fano-type transmission peak. One way to avoid this merging and move the electric dipole-like resonance well above the magnetic one in a cut-wire-pair system is to make the wires wider [51] , taking the form of slabs. This is verified in the case of Figures 3e and 3j , where the wires of Figures 3d and 3i have been replaced by square slabs and the double-resonance picture has been regained.
As was mentioned earlier, high cross-polarized transmission values are indications of large optical activity of the corresponding structures. To confirm this large optical activity and to fully evaluate the chiral response of a structure one needs though to obtain the transmission for circularly polarized waves. This can be easily calculated from the transmission for linearly polarized waves, employing the formula
Equation (1) in our case, due to four-fold rotational symmetry of the structures, can be simplified to T ++ = T xx + iT xy , T ÀÀ = T xx À iT xy , T +À = T À+ = 0, where the subscript + denotes the right-handed circularly polarized wave (RCP) and the subscript À the left-handed circularly polarized wave (LCP), while the first subscript again indicates the polarization of the transmitted wave and the second the polarization of the incident wave.
From the circular polarization transmission components one can obtain the optical activity, h, of a structure (defined as the angle between the major axis of the polarization ellipse of the transmitted wave and the polarization of the incident wave) and the ellipticity angle, g, of the transmitted wave (resulting from the circular dichroism, i.e. the absorption difference between left and right handed transmitted waves) according to the equations
In our case, since the simulated transmission results are in very good agreement with the corresponding measurement results, we based the circularly polarized transmitted wave calculations to the simulated linear transmissions, where phase information is also available.
One of the particularly desired features of a chiral structure is to give large optical activity associated with negligible ellipticity (and high transmittance); this corresponds to pure rotation of a linearly polarized incident wave while maintaining its linear polarization character. The maximum pure optical Figure 1 , and for linearly polarized incident wave [24] . The insets show the corresponding designs. activity values achievable in the structures of Figure 1 are presented in Table 2 , together with the associated transmission levels. As can be seen in Table 2 , all the structures can give quite high pure optical activity values, which make them suitable for a variety of polarization manipulation applications.
Another desired feature of a chiral structure is the achievement of quite large ellipticity (resulting from large circular dichroism), enabling the realization of circular polarizers. In this respect the structure of Figure 1a is superior compared to the other structures of Figure 1 , as it gives ellipticity values of 45°with more than 70% transmittance.
Finally, another merit of the designs of Figure 1 is that they all present quite broad frequency regions of negative refractive index response, as well as regions with refractive index close to zero. Both the negative and the near zero refractive index are associated with unusual and unique metamaterial phenomena (e.g. negative refraction and backward propagation for the negative index [3] , beam collimation, squeezing, static-like optical fields etc. for the near-zero index [4, 52] ).
Switchable chirality response
As was mentioned in Section 1, one way to optically modulate the chiral response of a structure is to insert properly in the structure unit cell a photoconducting semiconductor, which can be transformed from an insulator to a conductor state via photoexcitation, altering thus the current in the structure and through it its chiral response. We demonstrate here the potential for optically controllable response of our structures employing the design of Figure 1d , where parts of the frontmetallic cross have been replaced by Si (grey color in Figure 1d ) -the back cross remains fully metallic. In Figure 4 we present the simulated transmission amplitudes |T xx | (upper panel) and |T xy | (lower panel) for different Si conductivity values, including the case of full silver cross shown also in Figure 3 (for comparison), demonstrating a Fano-type resonance around 5.5 THz. Decreasing the Si conductivity from that of silver, the front-cross gradually becomes a mini-one, and the original Fano-like resonance observed in the full-metal case splits into two distinct resonances: the lower-frequency one is predominantly due to the dipole-like response of the back cross and the higher one, at~8.8 THz, corresponds to the dipole-like resonance of the front mini-cross (but slightly modified from the interaction of the crosses). The current distributions at each resonance for r Si = 1 · 10 3 S/m are shown in the bottom panel of Figure 4 , demonstrating that at each resonance frequency only one of the crosses is strongly excited [32] .
Employing the linear transmission data shown in Figure 4 we calculated the circular transmission components and through them the optical activity of the structure and the transmitted wave ellipticity for different values of the Si conductivity. The results are shown in Figure 5 . Figure 5 clearly demonstrates the notable tunable optical activity and switchable ellipticity response of the structure. In the region around 5.5 THz the structure can be easily switched from circular to linear polarizer by changing the flux of the excitation power. Similar switchable response is Table 2 . Maximum pure optical activity (optical activity with ellipticity g % 0) achieved in the structures shown in Figure 1 . The table indicates the spectral range where this optical activity is achieved and the associated transmission levels.
Structure
Spectral range with g = 0 (THz) observed also at~8.8 THz. Examining in detail the ellipticity features for every planar chiral design presented in Figure 1 [32], one can conclude that there is an optimum conductivity (r Si = 1 · 10 5 S/m) which produces in many cases an impressive maximum in ellipticity, reaching almost ±45°(i.e.~100% transformation of an incoming linearly polarized into a circularly polarized transmitted wave) [32] , demonstrating the switchable polarizer capabilities of our designs.
Three-dimensional bi-anisotropic metamaterials
Although the pure bi-isotropic chiral designs, where the eigenmodes are circularly polarized waves, can show in many cases impressive polarization control capabilities, one can achieve even more impressive phenomena and possibilities in ''anisotropic chiral'' designs, i.e. structures combining anisotropy with magnetoelectric coupling [8] . Moreover, going from planar designs to fully 3D bulk structures one can gain additional design and thus novel property engineering possibilities. In this part of the paper we present a design combining all the above merits. This design, which can be easily fabricated by direct laser writing [34, 35, 37] , besides its strong optical activity response shows also large asymmetric transmission response, i.e. different transmittance for waves incident from two opposite sides of a structure sample [53] [54] [55] [56] [57] . This gives to the structures the ability to be used in polarization isolation related applications.
The design
The unit cell of the 3D metamaterial design employed in the present study is shown in Figure 6 . It consists of two split-cube resonator (SCR) structures rotated by 90°with respect to each other along the z-(propagation) direction [34] . The geometrical structure parameters for the structure as fabricated and characterized experimentally are detailed in the caption of Figure 6 . As can be seen from Figure 6 , the structure lacks mirror symmetry along all x, y, z directions as well as C4 rotational symmetry in the x-y plane. The Split Cube Resonator (SCR), which is the basic structure element, exhibits both the electric and the magnetic response of the most common metamaterial elements. Its electric response, for electric field parallel to the cube axis, is similar to that of a long wire [58] , while its magnetic response, for magnetic field parallel to the cube axis, is that of a split ring resonator (SRR) [59] . Combining two perpendicular SCRs in the unit cell one can in principle achieve both the electric response of the wires and the magnetic response of the SRRs. If the two SCRs though are conductively coupled, this coupling results to more complex response than just the response coming from the addition of SRRs and wires. It results to different response for linearly polarized waves incident from opposite illumination directions. In particular the excitation of a resonant magnetic moment in the first SCR excites a resonant magnetic response in the second SCR, producing large cross polarized (and small co-polarized) transmission. If the incident magnetic field direction is such that does not allow magnetic excitation of the first SCR, the wave is just reflected due to negative permittivity response of the parallel to the applied electric field cubes. This results to strong asymmetric transmission for linearly polarized waves, as well as strong polarization conversion.
Metamaterial fabrication and electromagnetic characterization
As was mentioned in the Introduction, the 3D structure discussed here was fabricated by Direct Laser Writing (DLW) followed by electroless silver plating. DLW by multi-photon polymerization is a 3D printing technology that allows the fabrication of 3D structures with resolution below 100 nm. Briefly, the beam of an ultra-fast laser is tightly focused inside the volume of a transparent and photosensitive monomer, causing it to absorb two or more photons and polymerize locally. By moving the beam in three dimensions inside the photopolymer volume, one can fabricate 3D structures of great accuracy. The photosensitive material used for the fabrication is an organic-inorganic composite, produced by the addition of Methacryloxypropyl Trimethoxysilane (MAPTMS) to Zirconium n-Propoxide. 2-(dimethylamino)ethyl methacrylate (DMAEMA), acting as a metal-binding moiety, was also added and copolymerized with MAPTMS upon photopolymerization. Michler's ketone (4,4-bis(diethylamino) benzophenone, BIS) was used as the photoinitiator. The structure was fabricated on a glass substrate. Further information on the fabrication technique and the photosensitive material synthesis can be found in reference [34] .
The experimental electromagnetic characterization of the structure was performed in the frequency region 15-40 THz, through reflection measurements, performed using a Bruker Vertex 70v Fourier-transform infrared spectrometer with a collimated beam, attached to a Bruker Hyperion 2000 infrared microscope and two linear ZnSe grid polarizers [34] . The experimental results were compared in all cases with corresponding simulation data, obtained with CST Microwave Studio, as described in Section 2.3.
Asymmetric transmission and polarization transformer response
Since the 3D SCR structure was fabricated on glass, which is not transparent in the far infrared region of interest, we characterized the structure experimentally by measuring the reflection rather than the transmission coefficients [34] . Thus, for linearly polarized incident waves four reflection components were measured: R xx , R xy , R yx and R yy [34] . These reflection components were in very good quantitative agreement with the corresponding simulations, allowing us to rely on the simulations in order to analyze the structure performance and properties. Calculating the transmission components for the structure, we obtained the results presented in Figure 7a , showing the components T xx , T yy , T xy , T yx (absolute values) for waves propagating along the positive z-direction in the 3D SCR structure. Using these components we calculated and show in Figure 7b the total transmitted field amplitudes for x and y i.e. the asymmetric transmission becomes equal to the difference of the cross-polarized transmitted intensities for x-and y-incident wave polarizations.
As can be seen in Figure 7a the cross-polarized transmission amplitudes T yx and T xy are quite different, especially in the region centered at 21.5 THz, indicating strong asymmetric transmission. This strong asymmetric transmission for frequencies between 21 and 22 THz is demonstrated clearly in Figure 7b where the total transmission is shown [34] .
From Figure 7b one could note that, contrary to most of the structures discussed so-far in the literature, the asymmetric transmission band here at around 21.5 THz appears as passband imposed in a broad region of forbidden propagation and transmission (from zero to~28 THz). This broad stopband is due to a negative permittivity response provided by the metallic cubes which are parallel to the incident electric field direction (the metallic cubes act as a wire-grid-polarizer), resulting to small co-polarized transmission amplitudes |T xx | and |T yy |, as shown in Figure 7a [34] . The transmission band around 21.5 THz (i.e. the asymmetric transmission band) is due to a magnetic resonance of the parallel to the external magnetic field cubes, coupled to the equivalent magnetic resonance of the perpendicular cubes, and superimposed to the negative permittivity response of the cubes. (The double-peak character of that band is a result of the mode-splitting due to this magnetic resonance coupling.)
From the results of Figure 7b one can also see that in the asymmetric transmission band around 21.5 the structure looks quite transparent along one propagation direction and quite opaque if ''seen'' from the opposite direction for illumination with a linearly polarized wave polarized along one of the principal lattice directions [34] . This ''low'' versus ''high'' transmittance (which results from the large difference between |T xy | and |T yx | combined with the small values of the copolarized transmission amplitudes |T xx | and |T yy | [34, 60] ) is a highly desired feature in polarization control and isolation applications.
To fully characterize the polarization control capabilities of the 3D SCR structure we further analyzed the transmission results to obtain the optical activity and the transmitted wave ellipticity. Since in this case the eigenwaves of the structure are not the circularly polarized waves (i.e. T +À and T À+ are not zero), for the calculation of the optical activity and ellipticity one cannot apply the formulas of equation (2) . We rather calculated these quantities taking into account the Stokes Parameters [61] and the approach by Bassiri et al. [62] (see also Supplementary material of Ref. [34] ). The results are shown in Figure 8 . Figure 8 depicts the optical activity and the ellipticity when the metamaterial is excited by a x-polarized incident wave propagating along the forward z-direction [34] (for the same wave propagating along the backward z-direction the transmission is close to zero, so there is no meaning to speak about polarization control via transmission). Analyzing the response of our structure at the asymmetric transmission band at 21.5 THz by examining the results of Figures 7a and 8 , one can see that a x-polarized incident wave is almost totally transformed to y-polarized wave when passing through the structure [34] . This indicates a close to 90°''one-way'' optical activity of the structure, validating the potential of the structure to be used as a 90°one-way polarization converter [34] .
Conclusions
The current work demonstrates the polarization control capabilities offered by different THz and far-IR chiral designs both isotropic and anisotropic. Regarding isotropic designs we Figure 8 . Simulated optical activity, h (blue solid line), and ellipticity, g, (red dashed line) for the wave transmitted through the 3D SCR metamaterials under consideration, when the metamaterial is excited by a x-polarized incident wave (see Fig. 6a ) propagating along the forward z-direction [34] .
were focused on structures based on the bi-layer conductor configuration; we analyzed, both theoretically and experimentally, different structures, all showing quite large optical activity, significant circular dichroism and negative index of refraction response in the THz region, making them promising elements for the realization of THz wave manipulation components and systems. Moreover, we demonstrated theoretically the potential of some of those designs to give tunable and switchable components, replacing parts of the metallic structures by photoconducting silicon and demonstration (through simulations) the switchable and tunable chirality response of the structures by changing the silicon conductivity, employing conductivity values corresponding to various, practically achievable, photoexcitation intensities. The prominent tuning capabilities of the proposed structures, along with their simplicity, which allows their easy fabrication and scaling towards optical frequencies, and the possibility to be fully flexible (since they are encapsulated in polyimide), makes them important candidate for the realization of both passive and active THz polarization manipulation components like polarization filters, modulators, wave-plates, etc. [32] .
Regarding anisotropic designs, we studied theoretically and experimentally the asymmetric transmission properties and the polarization control capabilities of a novel 3D infra-red metamaterial structure obtained by employing direct laser writing and selective silver coating. The experimental study was done through reflection measurements while associated transmission and reflection simulations revealed quite large asymmetric transmission for linearly polarized waves, and 90°one-way pure optical activity. The achievement of these nice asymmetrictransmission-related properties of the structure is due to the combination of both electric and magnetic responses of the SCRs, and offers additionally the possibility of impedance control (adjusting thus the asymmetric transmission values), and of ''one-way'' backward propagation.
